The fate of vibrational energy in the collision of methane (CH 4 ) in its antisymmetric C-H stretch vibration (ν 3 ) with a Ni(111) surface has been studied in a state-to-state scattering experiment. Laser excitation in the incident molecular beam prepared the J ¼ 1 rotational state of ν 3 , and a bolometer in combination with selective laser excitation detected the scattered methane. The rovibrationally resolved scattering distributions reveal very efficient vibrational energy redistribution from ν 3 to the symmetric C-H stretch vibration (ν 1 ). The branching ratio ν 1 =ν 3 is near 0.4 and insensitive to changes in incident kinetic energy in the range from 100 to 370 meV. State-resolved angular distributions and measurements of the residual Doppler linewidths prove that the scattering is direct. The observed vibrationally inelastic scattering provides direct experimental evidence for surface-induced vibrational energy redistribution.
The variety of dynamical processes that occur when molecules interact with solid surfaces are of fundamental interest, as they all play their part in the complex chemical reaction mechanisms found in heterogeneous catalysis. Over the last decades, quantum state-resolved molecular beam scattering from well-defined surfaces has contributed much to our understanding of these dynamics [1] [2] [3] [4] [5] [6] . Apart from giving direct insight, state-resolved data are used to gauge theoretical models, thereby paving the way toward a predictive understanding of heterogeneous catalysis [7] [8] [9] [10] [11] . Experiments that probe the quantum state populations of the scattered products have proven particularly rewarding as the final distributions resolved in internal quantum state, angle, and speed contain a wealth of dynamical information.
Because of the wide dispersion of scattering products in space, time, and internal state, experimentalists have so far relied mostly on the very sensitive resonantly enhanced multiphoton ionization (REMPI) method for state-resolved detection. However, the systems accessible with REMPI or LIF are with few exceptions [12] [13] [14] [15] limited to atoms and diatomic molecules. Consequently, previous surface scattering studies have mainly focused on these species.
By contrast, studies that probe the postscattering state distributions of polyatomic molecules remain scarce [12] [13] [14] [15] [16] [17] [18] [19] [20] . This is unfortunate since the dynamics of polyatomics at surfaces are expected to be rich and distinctly different from those of diatomics, not least due to the additional vibrational degrees of freedom (d.o.f.) [21] . For example, one might ask about the interactions between the different vibrational modes and the normal-to-local-mode evolution as the molecule approaches the surface. Closely related are questions concerning the flow of vibrational energy between modes [22] : can the surface interaction enable such intramolecular vibrational energy redistribution (IVR) and is IVR fast enough to control the reactivity on the surface? Information on the fate of initial energy can be obtained in a state-to-state scattering experiment, which both prepares the incoming molecule in one specific state and analyzes the states of the scattered species.
The combination of a bolometer as a molecular beam detector with modulated infrared (IR) laser excitation provides [23] an alternative to the aforementioned stateselective probes. The bolometer is a thermal detector responding to the kinetic and internal energy that the molecular beam gives up when it impinges on the detector. A modulated IR laser excites ("tags") molecules on their way to the bolometer, giving rise to an ac signal due to the added rovibrational energy. Selective amplification of this ac component removes all contributions from the bolometer signal, which are unrelated to the laser excitation, and gives a direct measure of the transferred population.
The technique was used by Miller and co-workers who performed a series of scattering experiments with methane (CH 4 ) and acetylene [17] [18] [19] [20] . They illustrate the advantage that any state can be probed that is accessible by IR-active transitions. However, the absence of adequate high-power IR lasers in the past has prevented a widespread use as a scattering probe. Since then, a new class of high-power, continuous-wave (cw), single-mode IR light sources based on fiber laser pumped optical parametric oscillators (OPOs) has become available [24] . Their high brightness and coherence has enabled sophisticated laser pumping schemes. Specifically, rapid adiabatic passage (RAP) can routinely achieve near complete population inversion in a molecular beam [25, 26] .
In the present work, we applied bolometric detection in combination with highly efficient IR laser pumping via RAP to investigate the fate of initial vibrational energy in the surface scattering of methane, a molecule for which no REMPI scheme is known. This Letter reports the first stateto-state molecular beam-surface scattering of CH 4 from Ni(111). Our work is motivated by results from previous studies [4, 6, 9, 27] on the dissociative adsorption of CH 4 on nickel, which has received much attention due to its importance as rate-limiting step in the steam-reforming reaction.
Previous state-resolved reactivity measurements have shown that the partitioning of internal energy can influence the probability and products of the dissociation reaction. Specifically, one quantum of symmetric C-H stretch excitation (ν 1 ) promotes the C-H bond cleavage on Ni(100) up to ten times more effectively than a quantum of antisymmetric C-H stretch excitation (ν 3 ), even though the two vibrations have comparable energies of 2916 and 3019 cm −1 , respectively [28, 29] . This nonstatistical outcome suggests that surface-induced IVR [22] is incomplete. Deeper insight into the role of IVR from experiment is desirable, as its treatment is an aspect that distinguishes current theoretical treatments of this prototypical gas-surface reaction.
The molecular beam-surface science apparatus without the bolometer has been described previously [30] . A molecular beam was generated by expanding pure CH 4 or mixtures with helium. The speed distributions of the beams were determined using the time-of-flight method. The scattering target was a 10 mm diameter Ni(111) surface. All experiments were carried out with a surface temperature of T S ¼ 673 K, which keeps the carbon solubility in nickel high enough to avoid buildup of surface carbon due to background gas or chemisorbed CH 4 . Details of the molecular beam conditions and the surface sample can be found in the Supplemental Material [31] .
Incident CH 4 was state prepared with one quantum of antisymmetric stretch vibration (ν 3 ) and in rotational state J ¼ 1 via the ν 3 ← v ¼ 0, Rð0Þ transition using the idler output (∼2 W) from a tunable cw IR OPO (Pump OPO). The laser beam is focused by a cylindrical lens (f ¼ 25 cm) before intersecting the incident molecular beam in order to enable RAP excitation, which affords almost complete (typically ∼94% for the pumping step) inversion of population [26, 33] .
A detailed description of the bolometer and laser tagging setup will be published elsewhere. Briefly, we added a cryogenic bolometer to the main surface science chamber of our apparatus making an angle of 135°with the incident molecular beam, as depicted in Fig. 1 . The detector is a doped silicon bolometer, mounted to a liquid helium bath cryostat held at 1.6 K using evaporative cooling. A thin 4 mm diameter diamond disk bonded to the bolometer element provides a surface for the adsorption of scattered molecules. They are tagged before reaching the bolometer using the idler output (∼0.7 W) from a second IR OPO ("Tagging OPO"). The laser beam is directed to an optical access port upstream of the bolometer and focused by a f ¼ 25 cm cylindrical lens to intersect the scattered molecules and likewise achieve RAP conditions. Both lasers have instrumental linewidths of 1.0 AE 0.5 MHz (FWHM).
If the tagging laser frequency ω 2←1 is resonant with a molecular transition j2i ← j1i, a fraction f tag of the scattered molecules is excited. The laser beam is modulated with a chopper wheel and the corresponding ac part of the bolometer signal is selectively amplified using a lock-in amplifier. The demodulated signal S tag is related to the flux F 1 of molecules that reside in state j1i by S tag ∝ F 1 × f tag × ℏω 2←1 . Because neither thermal nor collisional energies are sufficient to populate the upper tagging levels, located ∼6000 cm −1 above the ground state, the tagging laser only excites molecules from j1i to j2i. Excitation by RAP avoids population return to j1i caused by stimulated emission and can achieve almost full population inversion. We determine the background signal coming from scattered laser light by temporarily blocking the molecular beam using a beam flag and subtract it from the flag-open signal.
Methane is a spherical top and occurs in three nuclear spin modifications due to its four equivalent hydrogen atoms [34] . We prepare and detect meta-CH 4 (nuclear spin quintet), owing to its favorable statistical weight. Rotational state populations of the ν 3 and ν 1 vibrational states after scattering were probed by tagging via 2ν 3 ← ν 3 and ν 1 þ ν 3 ← ν 1 transitions, respectively. In both cases, we used either R-or Q-branch transitions depending on transition strength and wavelength accessibility. Except for the strongest 2ν 3 ← ν 3 transitions, for which population inversion was readily achieved, we always measured the dependence of S tag on the laser fluence. We fitted the fluence curves using an empirical model based on the Landau-Zener formulation for RAP excitation [26] , as detailed in the Supplemental Material [31] . The curve asymptotes, which correspond to f tag ¼ 1, were used as a measure of state populations, thereby making a correction for transition strengths superfluous. We only corrected for the respective photon energy ℏω 2←1 . Rotational state distributions were recorded at an incidence angle of θ i ¼ 65°and a final angle of θ f ¼ 70°. This geometry avoids the maximum of the specularly reflected helium, which is intense enough to cause signal instabilities and reduction of bolometer sensitivity. Figure 2 shows the rotational state distributions after scattering where the incident methane was in the (ν 3 , J ¼ 1) state and had a kinetic energy of E i ¼ 230 meV. We observe two main scattering channels, the first being the vibrationally elastic channel, where CH 4 remains in its initial vibrational state (ν 3 → ν 3 ). Second, we identify a vibrationally inelastic channel, where the vibrational energy has been redistributed into the symmetric stretch (ν 3 → ν 1 ). For both channels, we observe significant rotational excitation. Note that rotational levels do not exist for certain values of J due to symmetry restrictions [34] . Our rotational distributions include all existing levels from J ¼ 0 through J ¼ 8, except for one sublevel belonging to (ν 3 , J ¼ 8), which was most likely below the detection limit. We verified that there is no thermally or collisionally induced excitation from v ¼ 0 to ν 1 and ν 3 . All observed products therefore originate solely from scattering of CH 4 ðν 3 ; J ¼ 1Þ.
The rotational distributions for incidence energies of 100 and 370 meV are similar to those in Fig. 2 . The total flux in each vibrational scattering channel is the combined intensity of all rotational sublevels belonging to the corresponding vibrational state. The branching ratio between the two vibrations b ν 1 =ν 3 is then given by
where the second summation is, respectively, carried out over all sublevels n belonging to the same value of J. We find a branching ratio near 40%, which is insensitive to E i across the studied energy range (see Table I ). Other scattering channels, which may populate bend overtones (2ν 2 , 2ν 4 ) or the ν 2 þ ν 4 level, are the subject of future study. However, we can already say that the probability of populating one of the these states is lower by at least a factor of 5 compared to that for ν 1 . Furthermore, we observe no population in the fundamental bend vibrations ν 2 (1533 cm −1 ) and ν 4 (1311 cm −1 ). Figure 3 (a) displays a Boltzmann plot of the distributions from Fig. 2 . The distribution corresponding to ν 3 is non-Boltzmann, showing a propensity for rotationally elastic scattering. For J ≥ 3, the distribution falls approximately on a straight line in this plot. Boltzmann analyses of the linear regimes yield rotational temperatures T rot between 140 and 200 K, far below the surface temperature of 673 K, which is consistent with direct scattering. It stands in contrast to a possible trapping-desorption (TD) mechanism, in which molecules become trapped for some time in a weakly bound (physisorbed) state and subsequently desorb with their d.o.f. accommodated to the surface temperature. Hence, if the scattering were dominated by TD, rotational temperatures closer to T S would be expected. Table I compiles the rotational temperatures for all E i . Rotational excitation increases slightly with E i , which is likewise expected for direct scattering. Interestingly, rotational excitation is slightly higher for ν 1 than ν 3 in all cases. We quantify this difference in terms of the mean rotational energy difference ΔðE rot Þ ν ¼ hE
where E J;n is the energy of a rotational sublevel and E J¼0 is that of the J ¼ 0 state. For ν 3 , we used the expected energy of a hypothetical J ¼ 0 level. The difference in hE rot i accounts for nearly 40% of the energy ΔE vib ¼ 103 cm −1 liberated upon ν 3 → ν 1 conversion. The remainder of ΔE vib is most likely converted into translational energy, as previous studies have shown that the reverse process, translational to vibrational energy transfer, can be efficient [12, 14] . Figure 3(b) shows state-resolved angular distributions for both scattering channels obtained by rotating the surface about an axis perpendicular to the scattering plane. The 
is indicated by a vertical line. All distributions are narrower than a cosðθ f Þ distribution, which would be expected for a pure TD mechanism.
The predicted cosðθ f Þ curve shown in Fig. 3(b) includes the convolution with the experimental geometry, which leads to a dropoff toward smaller scattering angles, where the surface assumes a parallel orientation with respect to the incident beam. The dip observed close to the specular angle for E i ¼ 230 meV comes from sensitivity reduction due to overlap with the reflected He beam. A lower He concentration was used for E i ¼ 370 meV, explaining the absence of a similar dip. Only at E i ¼ 100 meV, we see the distribution shifted toward the subspecular direction (θ f < 67.5°). This is expected because of the dominance of phonon annihilation over creation when a slow projectile is scattered from a hot surface [35, 36] . With increasing E i , the distributions become narrower and peak closer to the specular angle, consistent with direct scattering. The strong similarity of the ν 3 and ν 1 angular distributions together with the insensitivity of the branching ratio to E i support the conclusion that, even if TD or multibounce trajectories were important, they exhibit no increased probability for vibrationally inelastic scattering. We find further evidence for direct scattering in the tagging transition line shapes. They are shown in Fig. 3(c) for the ν 1 þ ν 3 ← ν 1 Rð3Þ transition and the three incidence beam energies. These scans were carried out without the cylindrical lens in place and with reduced laser power to avoid saturation. In our current experimental geometry, residual Doppler broadening from the small velocity component along the laser propagation direction limits the transition linewidths. Although the resolution is not sufficient to extract the final speed distributions from the line shapes, the correlation between incidence speed and Doppler linewidths shows that the scattered molecules retain a memory of the incidence speed. Such a memory would be lost rapidly if the molecules experienced multiple bounces on the surface. Recent results by Al Taleb and Farías show that, even at E i as low as 69 meV, direct scattering dominates over TD [37] . Unlike in their angular distributions, we do not observe sharp diffraction peaks. The difference likely comes from the higher surface temperature we use, leading to stronger Debye-Waller attenuation.
Our results show that vibrational energy redistribution from the antisymmetric to the symmetric C-H stretch vibration is very efficient. It is well established that IVR in isolated gas molecules and in solution is initiated by rapid energy transfer among near resonant "doorway" states from which slower IVR channels lead to a full redistribution of vibrational energy across the whole density of states [38] . Moore and co-workers observed similar behavior in the collisional deactivation of vibrationally excited CH 4 in the gas phase [39, 40] . These authors deduced a rapid equilibration of population among the ν 3 and ν 1 modes before these states decay further. Notably, they also found a four times lower stretch to bend overtone conversion rate compared to the (ν 3 ↔ ν 1 ) rate, consistent with our observations. This might seem surprising considering that the 2ν 2 bend state is only 44 cm −1 higher in energy than ν 3 and therefore energetically closer than ν 1 . However, one might think of the difference between the two stretching modes as being due to a phase shift of two of the C-H oscillators. It is conceivable that a collision can give rise to this phase shift more readily than to a complex deformation motion. Another possible explanation is that the excess vibrational energy can be accommodated by the rotational d.o.f. in the case of ν 3 → ν 1 conversion, whereas ν 3 → 2ν 2 requires energy transfer from the surface.
The current results clearly show that selective vibrational excitation of incident CH 4 gives rise to highly nonstatistical product distributions in direct scattering. This finding is complementary to the previously observed mode specificity in the dissociative adsorption of CH 4 on Ni surfaces. Some theoretical work aimed at describing this nonstatistical reactivity and calculated the vibrational mode evolution as the molecule approaches the transition state to reaction [27, 41] . The calculations suggest a coupling of the ν 1 and ν 3 modes due to the surface interaction, which could give rise to vibrational energy flow during the approach [27, 42] . The results presented in this Letter provide direct evidence for this surface-induced IVR.
In conclusion, we have performed the first state-to-state scattering experiments for vibrationally excited methane colliding with a Ni(111) surface. These measurements show that vibrational energy redistribution from the antisymmetric to the symmetric C-H stretch vibration is very efficient. We have presented evidence that the scattering proceeds via a direct mechanism, making this the first observation of vibrational energy redistribution in a direct molecule-surface collision. Moreover, our measurements demonstrate that bolometric detection in combination with present cw IR light sources is sensitive enough for performing state-to-state scattering experiments, opening new possibilities for studying the dynamics of polyatomic molecules at surfaces.
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